Abstract. Lattice gauge theory shows that the electric condensate increases abruptly at the phase transition point, while the magnetic condensate hardly changes. We show that smaller but similar precursor phenomena occurs at nuclear medium. Such changes will lead to changes of the charmonium masses in nuclear meduium. We calculate the mass changes using QCD sum rules and 2nd order Stark effect. We discuss possible observation of such effects through experiments producing charmonia inside a heavy nucleus.
INTRODUCTION
Since the pioneering work by Hashimoto et al. [1] and the seminal work by Matsui and Satz [2] , much experimental and theoretical works have been performed in the physics of J/ψ suppression in heavy ion collision. The subject has recently evolved into a new stage as lattice calculations using maximum entropy methods found the peak structures to survive up to almost 2T c [3, 4] , which was speculated before [5] as lattice calculations showed that non perturbative nature of QCD persists well above T c [6, 7] . If so, it is important to know the detailed temperature dependencies of the properties of the J/ψ above T c , as large thermal width for example might still lead to a very small survival rate of the J/ψ [8, 9] . As a way of understanding the behavior of the charmonia near the critical temperature region, we have proposed a QCD sum rule approach using the temperature dependent gluon condensates as the primary inputs from lattice QCD [10, 11, 12, 13] .
An interesting byproduct we found from lattice QCD was the sudden increase in the electric condensate α s π E 2 at T c , while the magnetic condensate α s π B 2 remained almost constant. This will induce a sudden change of the background condensate and induce nontrivial change in the energy levels of the heavy quark system immersed in the medium. Such effect can be calculated through the QCD second order Stark effect, the result of which were found to be similar to that obtained within the QCD sum rule approach [12] . As we will see, similar, although smaller, changes of the electric and magnetic condensates are found in nuclear matter. Such changes will induce precursor phenomena of phase transition, which will be reflected in the mass changes of charmonia immersed in nuclear medium. We will also show that such changes are larger for the larger excited states such as the χ c and are measureable in experiments planned at FAIR and hopefully at JPARC.
ELECTRIC AND MAGNETIC CONDENSATE IN MEDIUM
The relation between the gluonic operators can be obtained by making use of the energy-momentum tensor, which has a symmetric traceless part and a trace part via the trace anomaly,
Here, a and α, β are the color and Lorentz indices respectively. The LO beta function
The first term is also called the twist-2 gluon operator and the second the gluon condensate. When the medium expectation value of Eq. (1) are taken, one finds that both terms are positive definite as they involve the trace and non-trace part of the energy and momentum of the system. Therefore, we introduce two positive definite parameters M 0 , M 2 ,
where T NT represents the non-trace part of the energy momentum tensor.
is the scalar gluon condensate in the vacuum. Since M 0 is positive definite, the gluon condensate in medium should always decrease as follows
For the medium at rest, one can rewrite the medium expectation values of the dimension four operators of the energy-momentum tensor in Eq. (1) in terms of electric and magnetic condensate [14] . This is possible after making the following practical identification.
Then we find,
In QCD sum rules, it is also customary to define gluon condensate as follows,
At finite temperature, the medium dependence of the two independent operators can be extracted from the lattice measurement of the energy density ε and pressure p using the following relation.
From this relation, we find M 0 (T ) = ε − 3p and M 2 (T ) = ε + p [10] . For α s (T ), since we will be using the matrix element in the operator product expansion (OPE) with the separation scale relevant for the heavy bound state, we will use the temperature dependent running coupling constant extracted from the lattice computation of the heavy quark free energy [15] . Figure 1 shows the temperature dependence of condensates at finite temperature. One notes that there is a sudden increase in the electric condensate α s π E 2 T , while the magnetic condensate α s π B 2 T hardly changes above T c . This can be related to the fact that the area law behavior of the space-time Wilson loop changes to the perimeter law above T c , while that of the space-space Wilson loop retains the area law behavior even above T c [6] . The connection comes in as the non perturbative behavior of a rectangular Wilson loop in the S 1 S 2 direction can be related to the non-vanishing gluon condensate
via the operator product expansion [16] . Hence, one can conclude that the critical behavior of QCD phase transition can be related to the sudden change in the electric condensate. Such local changes will induce critical behavior of a heavy quark system such as the J/ψ across the phase transition, which can be obtained through the QCD 2nd order Stark effect.
At present, the density dependence of the condensates can only be estimated within the linear density approximation. First assuming the following normalization for the nucleon state, Then to leading order in density, the density expectation values can be obtained as follows,
One finds that the nucleon expectation value of the trace of the energy momentum tensor and the twist 2 gluon operator are,
Here, m 0 N 750 MeV is the nucleon mass in the chiral limit [17] , and A G is related to the moment of the gluon distribution function
Following Ref. [18] , we take A G (8m 2 c ) 0.9. Fig. 1-c) shows the density dependence of the gluon condensates [11] . Using these numbers and taking N f = 3 in Eq. (3), the density dependence of the gluon condensates can be written as follows,
where ρ 0 is the nuclear matter density. We see that the change of the scalar condensate extrapolated to ρ ∼ 5ρ 0 reaches as large as the corresponding change at T = T c .
Charmonium mass shift
We can use two method to estimate the mass shift in nuclear medium; QCD second order Stark effect and QCD sum rule method.
The perturbative QCD formalism for calculating the interaction between heavy quarkonium and partons was first developed by Peskin [19, 20] . The counting scheme in this formalism is obtained in the non-relativistic limit. Because of this, the formula for the mass shift reduces to the second-order Stark effect in QCD, which was used to calculate the mass shift of charmonium in nuclear matter [14, 21] . The information needed from the medium is the electric field square. Noting that the dominant change across the phase transition is that of the electric condensate, one finds that the QCD second-order Stark effect is the most natural formula to be used across the phase transition.
The QCD second-order Stark effect for the ground state charmonium with momentum space wave function normalized as
where k = |k|. The second line is obtained for the Coulomb wave function. Here, ε is the binding energy and m c the charm quark mass. These parameters are fit to the size of the wave function obtained in the potential model [22] , and to the mass of J/ψ assuming it to be a Coulombic bound state in the heavy quark limit [19] . The fit gives m c = 1704 MeV, a = 0.271 fm and α s = 0.57. Using the this α rms in Eq. (5) and using Eq. (12), we find ∆ α s π E 2 ρ 0 = 0.00037 GeV 4 and the results are given in Table 1 . Few comments are in order. The minus sign in Eq. (15) is a model independent result and follows from the fact that the second-order Stark effect is negative for the ground state. Second, the important parts of the formula are the Bohr radius a, the binding energy ε and the medium dependence of the electric condensate squared. In the formula, the factor of a 2 follows from the dipole nature of the interaction, and the binding energy from the inverse propagator, characterizing the separation scale [19, 23] . Therefore, the actual value of the mass shift does not depend much on the form of the wave function as long as the size of the wave function is fixed. Therefore, for the excited states, we have obtained the mass shift by scaling the mass shift obtained by the J/ψ by the following formula,
and use r 2 1/2 = 0.47, 0.74, 0.96 fm respectively for the J/ψ, χ c0,1,2 , ψ respectively as obtained from the potential model [22] ; the results are given in Table 1 . The QCD sum rule for quarkonium was found to be very reliable at zero temperature [24] . The OPE for the correlation function for the heavy quark current-current correlation for the space like momentum q 2 = −Q 2 < 0, can be typically written as,
C n 's are the Wilson coefficients and G n gluon operator of dimension 2n. Assuming that the typical scale of the gluon operators is Λ QCD , one notes that the OPE is an asymptotic expansion in Λ 2 QCD /(Q 2 + 4m 2 c ). Therefore, the OPE for the correlation function can be reliably estimated even at Q 2 = 0. Moreover, for the heavy quark system, only gluon operators appear, for which reliable estimates can be made at least for the lowest dimension 4 operator.
The generalization of the sum rule approach to medium involves few additional considerations. As for the OPE side of the sum rule, the effects of the temperature can be put either into the Wilson coefficient C n or into the temperature dependence of the operators G n . If the temperature is larger than the separation scale Q 2 + 4m 2 c , one calculates the temperature effect into the Wilson coefficient. If the temperature is low, all the temperature effects can be put into the temperature dependent operators. In this case, the new expansion parameter in the OPE will be (Λ QCD + cT ) 2 /(Q 2 + 4m 2 c ), where c is some constant. Whether such approximation is valid or not can be directly checked by looking at the convergence of the OPE at finite temperature.
The OPE for the correlation function of heavy quark currents is related to the phenomenological side via the dispersion relation.
In the sum rule, one has to assume the form of the spectral density ρ(s). Here, one notes that lattice calculations suggest that the peak structure in the spectral density persists above T c , although the resolution is not good enough for a critical study. Therefore, we can assume a relativistic Breit-Wigner form for the spectral density [11] .
The sum rule is obtained by calculating the moments M n of the correlation function. For the phenomenological side, the moment is obtained through the dispersion relation,
